Early events play a decisive role in virus multiplication. We have shown previously that activation of MAPK/ERK1/2 (mitogenactivated protein kinase/extracellular-signal-regulated kinase 1/2) and protein kinase A are pivotal for vaccinia virus (VV) multiplication [de Magalhães, Andrade, Silva, Sousa, Ropert, Ferreira, Kroon, Gazzinelli and Bonjardim (2001) J. Biol. Chem. 276, 38353-38360]. In the present study, we show that VV infection provoked a sustained activation of both ERK1/2 and RSK2 (ribosomal S6 kinase 2). Our results also provide evidence that this pattern of kinase activation depends on virus multiplication and ongoing protein synthesis and is maintained independently of virus DNA synthesis. It is noteworthy that the VGF (VV growth factor), although involved, is not essential for prolonged ERK1/2 activation. Furthermore, our findings suggest that the VV-stimulated ERK1/2 activation also seems to require actin dynamics, microtubule polymerization and tyrosine kinase phosphorylation. The VV-stimulated pathway MEK/ERK1/2/RSK2 (where MEK stands for MAPK/ERK kinase) leads to phosphorylation of the ternary complex factor Elk-1 and expression of the early growth response (egr-1) gene, which kinetically paralleled the kinase activation. The recruitment of this pathway is biologically relevant, since its disruption caused a profound effect on viral thymidine kinase gene expression, viral DNA replication and VV multiplication. This pattern of sustained kinase activation after VV infection is unique. In addition, by connecting upstream signals generated at the cytoskeleton and by tyrosine kinase, the MEK/ ERK1/2/RSK2 cascade seems to play a decisive role not only at early stages of the infection, i.e. post-penetration, but is also crucial to define the fate of virus progeny.
INTRODUCTION
The orthopoxvirus vaccinia virus (VV) is the prototype member of the Poxviridae family of viruses, which replicates in the cytoplasm of infected cells. Its linear double-stranded DNA genome encodes more than 260 gene products and many of them are associated with virus-host interaction [1, 2] . Among them are the homologues of cytokine and chemokine receptors, which enable the virus to modulate host defences and, consequently, to evade the immune and inflammatory responses [3] [4] [5] . Furthermore, VV is also capable of secreting VGF (VV growth factor), a polypeptide with structural and functional similarities to the EGF (epidermal growth factor) and TGF-α (transforming growth factor-α) [6, 7] , and has been associated with cell proliferative response [8] . The secretion of growth factor homologues by other poxviruses seems to be a common theme employed by this family of viruses to stimulate mitogenesis, emphasizing the crucial roles played by these proteins at the early stages of poxvirus multiplication [9] .
MAPK/ERK1/2 (mitogen-activated protein kinase/extracellular-signal-regulated kinase 1/2) plays a vital role in the transmission not only of mitogenic, but also survival signals in response to a variety of extracellular stimuli [10] . Since cell survival is vital for virus multiplication, it comes with no surprise that many viruses activate/manipulate this pathway. Thus viruses such as hepatitis B virus [11] , herpes virus [12] , HIV [13] , influenza virus [14] , coxsackievirus [15] and VV [16] , among others, activate the MAPK/ERK1/2 pathway at the early stages of infection. The virus-induced change in gene expression after ERK activation is mediated by the phosphorylation of downstream transcription factors such as FOS, JUN, ATF1/2, cAMP-response-element-binding protein, Elk-1, among others, which in turn bind to the 5 regulatory sequence of target genes to promote their transcription [16, 17] .
The present study was undertaken to investigate the role played by ERK1/2 during VV infection. Since we have shown previously that activation of ERK1/2 was required to deliver mitogenic signals at the early stages of infection [16] , we now extend these investigations and provide evidence that these kinases are also required for the whole virus multiplication cycle. By integrating upstream signals generated by diverse pathways at MEK/ERK/ RSK2 (where MEK stands for MAPK/ERK kinase and RSK for ribosomal S6 kinase) signalling molecules, VV seems to modulate the most adequate intracellular environment to generate its progeny.
EXPERIMENTAL Cells and reagents
A31 cells (a clone derived from mouse Balb/c 3T3) were cultured in Dulbecco's modified Eagle's medium, supplemented with 10 % (v/v) heat-inactivated FBS (foetal bovine serum; Cultilab, Campinas, São Paulo, Brazil) and antibiotics, in 5 % CO 2 at 37
• C. Cells were starved after reaching 80-90 % of confluence when the medium was changed to 1 % FBS and incubated for 12-24 h. Viral TK (thymidine kinase) message was investigated by using a specific probe as described in [18] . The anti-phospho-ERK1/2 and -Elk-1 antibodies were purchased from Cell Signaling Technology (Beverly, MA, U.S.A.) and the anti-phospho-RSK2 and anti-egr-1 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). The inhibitors used throughout the experiments were purchased either from Calbiochem (La Jolla, CA, U.S.A.) or from Sigma (São Paulo, Brazil).
Virus and virus infection
WR (wild-type VV) strain and VGF − (mutant VV) (vSC20) [19] were propagated into Vero cells and highly purified by sucrosegradient sedimentation as described in [20] . There are two infective forms of VV, the IMV (intracellular mature virus) and the EEV (extracellular enveloped virus), which use distinct mechanisms to enter the target cells. Whereas the IMV form requires a signalling-dependent mechanism for entry, the EEV seems to be independent [21] . It is believed that the IMV remains inside the cells that are released after cell lysis. The experiments presented in this study were performed with the IMV form of VV.
VV was UV-inactivated after exposure of the virus stock for 5 min to an UV lamp producing irradiation predominantly at 365 nm. Then the UV-irradiated virus was tested for virus infectivity. Virus that was no longer capable of forming plaques compared with the non-irradiated virus was assumed to be UVinactivated.
VV infections of A31 cells were performed when the cultures reached 80-90 % of confluence. Cells were infected in the absence of FBS at the indicated MOI (multiplicity of infection) and for the times shown. Cells were incubated with the indicated inhibitor for 30 min before VV infection and throughout the infection.
Unless otherwise stated, following concentration of inhibitors were used: PD98059 (50 µM), GEN (genistein; 100 µM), SB203580 (10 µM), H89 (20 µM), CHX (cycloheximide; 100 µg/ml), cytochalasin D (0.1-2.0 µM), nocodazole (10-30 µM), PTX (pertussis toxin; 500 µg/ml) and Ara C (cytosine arabinoside; 40 µg/ml). The doses of inhibitors used throughout the experiments were established based on experimental observations, i.e. they did not cause any harm to the cells, as was verified at the end of the experiments by Trypan Blue dye exclusion.
Assays of virus infectivity
Cells were cultured as above at a density of 1.5 × 10 6 cells/well on a six-well culture dish and then VV-infected. Infections were performed at an MOI of 10.0 for 10 h to ensure that 90 % of the cells were infected, as was verified microscopically by the cytopathic effect at the end of the experiment (Table 1) . The same was also observed when the experiments were performed with the MOI of 1.0, 30-36 hpi (hour post-infection). The time course of virus growth with time points varying from 6 up to 48 hpi ( Figure 9 ) was performed as described above. Infections were terminated after 6, 12, 24, 36 and 48 h; virus was then collected and assayed * Untreated virus control was taken as 100 % (= 6.0 × 10 6 p.f.u./ml; VV-WR). † Untreated virus control was taken as 100 % (= 9.0 × 10 5 p.f.u./ml; VV-VGF).
for infectivity. Cells were preincubated for 30 min with PD98059 (50 or 100 µM) or GEN (50 or 100 µM) as indicated before virus infection for an additional 10 h (Table 1) or for 6-48 h as shown in Figure 9 . Cultures were then washed with cold PBS, followed by three freeze-thaw cycles. Viruses were collected from the supernatant of centrifuged frozen-thawed cells and then assayed for infectivity as described in [20] . Each experiment was performed in triplicate and the results represent the average values. The results were confirmed by at least three independent experiments with identical results.
RNA isolation and Northern blotting
A31 cells (5 × 10 6 ) were cultured and starved as above. Then the cells were incubated with PD98059 (50 µM) before virus infection at an MOI of 10.0 for the times shown. Total RNA was isolated as described elsewhere [22] , and 15 µg of RNA/sample was loaded, electrophoresed on a 1.2 % denaturing agaroseformaldehyde gel, transferred on to nylon membrane (Amersham Biosciences, São Paulo, Brazil) and UV cross-linked for 2 min. The membrane was then probed with viral TK probe labelled with [α-32 P]dCTP (Amersham Biosciences) to a specific activity of 1-5 × 10 8 c.p.m./µg of DNA by using a multiprime DNAlabelling system. Hybridization and washing procedures were performed as described in [22] . The membrane was then stripped off the probe and re-probed with 18 S rRNA, labelled with [γ -32 P]ATP by using phage T4 polynucleotide kinase from Promega (Madison, WI, U.S.A.), which was used as an internal control for RNA loading.
Dot-blot assays
A31 cells (5 × 10 6 ) were cultured and starved as above and then were infected with VV at an MOI of 10.0 for 3, 5, 7 or 9 h, either in the presence or absence of PD98059 (50 µM). After the infections, the cells were scraped from the dishes and collected by centrifugation as described in [23] . In brief, after centrifugation, the cells were washed with cold PBS and resuspended in 0.3 ml of loading buffer [10 × SSC (1.5 M NaCl/150 mM sodium citrate, pH 7.0.), 1 M ammonium acetate]. Then the cells were frozen and thawed three times followed by the addition of 0.45 ml of loading buffer. Each sample (25 µl) was applied under vacuum to Hybond-N membranes (Amersham Biosciences) using a HYBRI-DOT Manifold apparatus (BRL, Life Technologies, Rockville, MD, U.S.A.). The DNA was denatured for 10 min with 500 mM NaOH, plus 1.5 M NaCl, and the membrane was washed twice with 10 × SSC in situ. DNA was then cross-linked by exposing the membrane to UV light for 5 min. Hybridization conditions were as described above for Northern blot.
Viral DNA isolation and labelling
Viral DNA was isolated from purified virus stocks by treatment with proteinase K, SDS and 2-mercaptoethanol, followed by phenol/chloroform extraction as described previously [24] . DNA was labelled with [α-32 P]dCTP by using the Rediprime kit (Amersham Biosciences), according to the manufacturer's instructions. Labelled DNA was then denatured and used to probe the dotblotted samples.
Densitometric analysis
The phosphorylated ERK1/2 was quantified by using a densitometer (phosphoimager, Typhoon 9210; Amersham Biosciences) and normalized to the levels of total ERK1/2 in the same sample. The changes in protein phosphorylation with respect to control values were estimated. The results were expressed in terms of the ratio P-ERK/total ERK (arbitrary units).
Lysate preparation
Cells were grown and starved as above and were then infected with VV at MOI of 10.0, unless stated otherwise, for the indicated times. Cells were preincubated with the specific inhibitor as indicated for 30 min, and throughout the infection, and then VV-infected. Cells were then washed twice and lysed in lysis buffer [20 mM Tris-acetate, pH 7.0/0.27 M sucrose/1 mM EDTA/ 1 mM EGTA/1 % Triton X-100/10 mM α-glycerophosphate/ 50 mM NaF/5 mM sodium pyrophosphate/4 µg/ml leupeptin/ 1 mM sodium orthovanadate/1 mM benzamidine/0.1 % (v/v) 2-mercaptoethanol]. Lysates were scraped and collected into Eppendorf tubes and then centrifuged at 13 000 g for 20 min at 4
• C.
Electrophoresis and immunoblotting
Cell lysates (30 µg/sample) were separated by SDS/PAGE (10 % gel) and then transferred on to nitrocellulose membranes as described in [16] . Membranes were blocked overnight at 4
• C with PBS containing 5 % (w/v) non-fat milk and 0.1 % Tween 20. The membranes were washed three times with PBS, containing 0.1 % Tween 20, and then incubated with specific rabbit or goat polyclonal antibody (1:1000 or 1:2500) in PBS containing 5 % (w/v) BSA and 0.1 % Tween 20. After washing, the membranes were incubated with horseradish peroxidase-conjugated secondary anti-rabbit or anti-goat antibody (1:3000). Immunoreactive bands were visualized by using ECL ® detection system according to the manufacturer's instructions (Amersham Biosciences).
RESULTS

Prolonged kinase activation after VV infection
We have shown previously that, soon after VV infection, there was no temporal difference in terms of MAPK/ERK1/2 activation irrespective of the MOI used, i.e. 1.0, 5.0 or 25.0 [16] . Nonetheless, under these conditions, a remarkable quantitative MOI-dependent effect was clearly seen. This observation prompts us to investigate whether ERK1/2 was also recruited after VV infection at later stages of virus multiplication. Interestingly, VV caused a prolonged and yet sustained co-activation of distinct protein kinases. Figure 1 (A) shows that ERK1/2 was phosphorylated after virus infection at an MOI of 10.0 from 1.0 up to 8.0 hpi, an event that was prolonged until 10.0 hpi (results not shown). It may be noted that ERK1/2 activation depends on the MOI and was verified up to 30.0 hpi at an MOI of 1.0 (results not shown). Furthermore, the latest ERK1/2 activation verified with each MOI was paralleled quantitatively by the observed cytopathic effect. The activation of these MAPKs was followed by stimulation of the downstream kinase RSK2 with kinetics that paralleled with those of ERK1/2 ( Figure 1B ). We also show that MEK is specifically recruited to activate ERK1/2, since PD98059 abrogated ERK activation, whereas the PKA (protein kinase A) (H89) and p38MAPK (SB203580) inhibitors did not ( Figure 1C , upper panel). We have also observed that MEK is equally necessary for RSK2 activation (see below; and Figure 3B , middle panel).
VGF is partially required for ERK/RSK activation
To investigate whether VGF plays a role in the prolonged ERK/RSK activation, cells were either infected with WR or VGF − at an MOI of 10.0 for the indicated times. Interestingly, although it appears that VGF might also be involved in the sustained activation of ERK1/2, although not fundamentally necessary, it seems, nonetheless, that this level of kinase activation is sufficient for RSK2 activation (Figures 2A and 2C , lanes 7-9).
To determine whether the level of kinase activation after VGF − infection is of biological relevance, additional experiments were performed. Cells were infected at an MOI of 5.0 or 25.0 and then they were either left untreated or pretreated with the MEK inhibitor PD98059. Figure 2 (E) shows that ERK1/2 was phosphorylated in an MOI-dependent manner. The highest level of kinase activation seems to be achieved with the MOI of 25.0 (lanes 3 and 6). To confirm that ERK1/2 activation is relevant to the biology of the mutant virus, we then infected A31 cells with VGF − at an MOI of 10.0. The course of infection, either in the presence or absence of PD98059, was then microscopically monitored until the cytopathic effect was observed in ≈ 90 % of the cells. Virus was then collected and assayed for infectivity. The results are presented in Table 1 , which shows that there is a dose-dependent decrease in VGF − virus yield in the presence of PD98059, as was also observed for the wild-type virus. However, the mutant is not as capable as the WR in activating ERK1/2 (Figure 2A) , which may explain, at least partially, why the mutant's multiplication is lower.
Sustained activation of ERK/RSK relies on de novo protein synthesis
We then investigated whether ongoing protein synthesis exerted any effect on VV-stimulated ERK1/2 activation. Cells were preincubated with CHX and then VV-infected. Figure 3(A) shows that, in this circumstance, the virus is no longer capable of activating the kinases (lane 7). However, ERK1/2 gets activated if virus infection preceded the incubation with CHX (lanes 8-9) . Furthermore, our results also provide evidence that virus multiplication is an essential requirement for ERK1/2 activation (Figure 3B, upper panel) , since the UV-inactivated virus is no longer capable of activating the kinases (lane 3). The same was equally true for RSK2 ( Figure 3B, middle panel) . The next experiment was designed to evaluate whether ERK activation occurred independent of VV DNA synthesis. The infection was performed in the presence of Ara C, an inhibitor of poxviral DNA synthesis. Our findings showed that kinase phosphorylation was maintained independent of virus DNA replication ( Figure 3C, lanes 7-8) , Consistent with the idea of the requirement of ongoing protein synthesis for VV-stimulated ERK1/2 activation, the next experiment was designed to demonstrate that VGF, although not fundamental, is necessary for full ERK activation. It has been known that hyperplasia, associated with VV infection, is a consequence of VGF secretion by an infected cell [8] . Thus cells were infected either with WR or VGF − , and then their supernatants were taken 4, 6 and 8 hpi (conditioned medium, CM) and used to stimulate starved cells for an additional 4, 6 or 8 h respectively. Figure 4 shows that VGF is an absolute requirement for full ERK activation ( Figure 4A ), since its absence at the supernatants of VGF − -infected cells correlates with their inability to phosphorylate ERK1/2. Moreover, it is also necessary for the expression of the VV-stimulated egr-1 ( Figure 4B ).
ERK activation leads to Elk-1 phosphorylation
It may be noted that sustained ERK1/2 activation after VV infection leads to prolonged phosphorylation of the transcription factor Elk-1 ( Figure 5) , with kinetics that paralleled those observed for ERK1/2. Elk-1 phosphorylation was specifically impaired by preincubation with the MEK inhibitor (lane 10).
VV stimulates an upstream tyrosine-kinase-sensitive pathway
It is known that tyrosine phosphorylation also plays a crucial role on poxvirus entry [21, 25] . Thus the next experiment was designed to evaluate whether this upstream tyrosine-kinase- (A, B) Effects of G-protein-coupled receptors and tyrosine kinase inhibitors on VV-stimulated ERK1/2 and RSK2 activation respectively. Western-blot analysis was performed as described above. Cells were mock-infected (lane 1), or were incubated either with 500 µg/ml PTX (lanes 4-5) or with 100 µM GEN (lanes 6-7) for 30 min before VV infection at an MOI of 10.0 for 2 h. As a control for kinase activation, cells were either infected with VV (WR) or with UVinactivated VV (UV) (lanes 2 and 3) respectively. Blots are representative of at least two independent experiments with identical results.
sensitive pathway was connected to the downstream ERK1/2 activation after VV infection. We demonstrated that tyrosine phosphorylation is, in fact, another upstream and yet essential event not only for VV-activated ERK1/2 but also for RSK2 activation ( Figures 6A and 6B, lanes 6 and 7) . These effects, however, do not seem to be shared by the G-protein-coupled receptor, since preincubation with PTX had no impact on VV-stimulated ERK/RSK activation ( Figures 6A and 6B, lanes 4 and 5) . In addition, our results also demonstrated that this tyrosine-sensitive pathway is of biological relevance as shown in Table 1 .
VV-induced actin polymerization is fundamental for both ERK and RSK activation
Since actin polymerization is required to facilitate both the spreading [26] and virus entry [21] , we examined whether actin played a decisive role in the activation of ERK and RSK by VV. To that end, cells were preincubated for 30 min with the indicated cytochalasin D concentration, a known agent that prevents actin assembly [27] . VV infection was performed at an MOI of 10.0 for 2 h. Figure 7(A) shows that VV-stimulated ERK1/2 activation was significantly reduced after cytochalasin D treatment in a dosedependent manner (lanes 4-6), whereas RSK2 activation was completely abolished ( Figure 7B) . Our results also demonstrate that when the infection was performed in the presence of nocodazole, a microtubule-depolymerizing drug [28] , a remarkable 
ERK inhibition is associated with both delayed/prolonged VV early-gene expression and viral DNA replication
It is known that prolonged VV early-gene expression is associated with inhibition of virus DNA replication [29] . Our results show that the steady-state levels of viral TK mRNA were verified from (lanes 1-4) . In contrast, TK expression was delayed and prolonged in the presence of an MEK inhibitor, which was still observable at 7 hpi ( Figure 8A, lanes 5-8) . Consistent with the delay observed above, Figure 8 (B) demonstrates that the inhibition of ERK1/2 activation was paralleled by a simultaneous decrease in the viral DNA synthesis. Although, in the absence of PD98059, viral DNA was increasingly detected from 5 to 9 hpi (lanes 1-4), simultaneous incubation with the inhibitor provoked a significant delay in the detection of viral DNA (lanes 5-8).
up to 5 hpi
MEK/ERK/RSK2/Elk-1/EGR-1 pathway is required for VV multiplication
To examine the biological consequences of the MEK/ERK/RSK2/ Elk-1/EGR-1 pathway after VV infection, cells were incubated either with PD98059 or GEN before VV infection at an MOI of 10.0 for 10 h. The virus was then collected and assayed for infectivity. Table 1 shows that, under this experimental condition, there is a significant dose-dependent decrease in virus yields, demonstrating that this pathway is required not only for the early events during VV infection, but is also crucial, since the virus generates its progeny. Furthermore, to rule out the possibility that the inhibitors delay instead of inhibiting virus multiplication, a time course of virus growth was determined. Figure 9 shows that, in the absence of the inhibitor, virus yields reached a plateau approx. 12 hpi, whereas a decrease of ∼ 1 log in virus titre was observed after 12-24 hpi and reached a plateau thereafter, when the infection was performed in the presence of GEN or PD98059 respectively.
DISCUSSION
Activation of the MAPK/ERK1/2 is a common theme in response to growth factor, cytokines and hormones. After ligand binding to their cognate cell-surface receptor, the extracellular stimulus is transmitted to the nucleus to change the expression of diverse genes associated with a particular biological response (reviewed in [30] ). Since these kinases are associated with a variety of cellular responses, among them, proliferation, survival, differentiation and apoptosis [10] , and based on the co-evolution of viruses and their hosts, it is not surprising that these microorganisms can also recruit/manipulate them to create a more adequate intracellular environment to generate their progenies [31] .
We have shown previously that the MAPK/ERK1/2 played a vital role in the early steps of VV infection [16] . Our results provided evidence that their activation took place at times when most of the viruses were not yet internalized and that the activation, at least kinetically, followed virus entry. In the present study, we demonstrated that ERK activation after VV infection played an equally fundamental role in other stages of the infection. It is noteworthy that VV-stimulated ERK1/2 activation was prolonged and yet sustained, i.e. it was detectable from the early stages of the infection, up to times when the cytopathic effect was clearly visualized in at least 90 % of the culture. Thus sustained kinase activation was consistently the same 10 hpi at an MOI of 10.0 ( Figure 1A ) or 30-36 hpi at MOI of 1.0 (results not shown).
ERK1/2 activation also seems to be an essential requirement to regulate signals associated with diverse biological functions during infection with other viruses. Thus early events in HIV-1 infection are dependent on the MAPK/ERK pathway, which improves virus infectivity [32] . MAPK is also required for Visna virus replication and virus-induced neuropathology [33] . On the other hand, ERK activation by the herpes simplex virus exerts an anti-apoptotic effect on hippocampal neurons [17] , among others.
The reason why VV stimulates and sustains the activation of both ERK1/2 remains to be further investigated. However, we hypothesize that a virus gene product either directly, as we demonstrated for VGF gene (Figures 2A and 4A ), or indirectly, may be involved in the process, because (i) a UV-irradiated virus does not activate the kinases and (ii) for de novo protein synthesis it is absolutely required (see below and Figure 3 ). Whether the virus inactivates a phosphatase, such as protein phosphatase PP2A [34] or MAPK phosphatase MKP [35] , or even another mechanism responsible for deactivating the kinases is, therefore, an interesting issue that remains to be pursued further.
The family of p90 RSK comprises three isoforms RSK1-3, which interact with and are activated by ERK [36] and inhibition of the ERK pathway prevents their activation [37] . Remarkable also was the observation that ERK activation after VV infection was paralleled by the activation of the downstream kinase RSK2 (Figure 1B) , an event that is equally verified whether the infection is performed either with WR or VGF − ( Figure 2C ). It is probable that the level of ERK1/2 activation elicited by the VGF − (Figure 2A) , although weaker than the wild-type, is sufficient to activate its substrate RSK2 to the same extent ( Figure  2C ). On the basis of this observation, we do not believe that the differential ERK activation by the viruses is just a consequence of delayed VGF − multiplication. Although both ERK and RSK activations after VGF − infection were smaller than those observed for the wild-type virus, it seems, nonetheless, that their activation is biologically relevant because preincubation with PD98059 resulted in a decrease in virus yields (Table 1) .
Consistent with the theory of transmission of survival signals mediated by the ERKs after VV infection, is the observation of prolonged and sustained activation of RSK2. RSK family members have been implicated in cell survival by phosphorylating the proapoptotic protein BAD (Bcl-2/Bcl-X L -antagonist, causing cell death) [38] . BAD in turn is kept in the cytoplasm where it is no longer capable of antagonizing the pro-survival function of Bcl-X L [39] . Since both phosphorylation of BAD [40] and VV-stimulated RSK2 activation ( Figure 3B ) are sensitive to MEK inhibition, this may explain the biological consequences of VV-sustained activation of both ERK and RSK2. Thus our findings, although indirectly, reinforce the growing body of evidence associated with the anti-apoptotic mechanisms triggered after VV infection [41, 42] .
Our results also support the idea that sustained ERK activation after VV infection relies on both de novo protein synthesis (Figure 3A) and viral gene expression ( Figure 3B ). The same observations occur with RSK2 activation too ( Figure 3B, middle panel) . In addition, the maintenance of ERK activity occurred independent of virus DNA synthesis ( Figure 3C ), highlighting the role played by an early virus gene(s), such as VGF (Figure 2A) , on MAPK activation.
It is largely accepted that the viral protein VGF plays a decisive role in both viral spread and virulence [7, 19] . In vitro studies conducted with purified VGF protein have also demonstrated that it can elicit mitogenic response [9] . However, our in vivo experiments showed that VGF is not a prerequisite to transmit the VV-stimulated mitogenic signal [16] . In accordance with these results, the present study demonstrated that VGF appears to be an additional requirement for full ERK1/2 activation (Figure 4A ). Either the virus-infected cells or supernatants from cultures infected with either the WR or the VGF − showed that VGF is only necessary for maximal ERK activation, although this level of kinase activation seems to be sufficient to stimulate RSK2.
The zinc finger transcription factor EGR-1 has been associated with diverse biological functions varying from proliferation/differentiation to apoptosis [43] . By modulating the expression of target genes, EGR-1 couples extracellular stimuli with long-term responses. Consistent with a sequential ERK/RSK activation, the expression of EGR-1, a downstream target of these kinases [44] , was also verified ( Figure 4B ). Again, there was a remarkable parallel between prolonged kinase activation after VV infection and EGR-1 expression. The observation that VGF is needed not only for full ERK activation ( Figure 4A ), but also for maximal EGR-1 expression as well is significant ( Figure 4B) .
A global analysis of cellular gene expression after VV infection in HeLa cells has been published recently [45] . In this study, however, the authors were not able to detect egr-1 mRNA among the VV-stimulated genes. The reason(s) why they failed to do so remains a matter of speculation. We have also investigated the gene's expression during VV infection in HeLa cells and found that, kinetically, the pattern of mRNA accumulation is the same as that observed in the A31 cell line, although not as robust as that verified with this line (P. N. G. Silva and C. A. Bonjardim, unpublished work).
The pathway that couples the VV-stimulated proliferation/ survival signals with the expression of EGR-1 seems to be mediated by the ternary complex factor Elk-1 [46] . Our assumption is based on the observation that both VV-stimulated Elk-1 phosphorylation ( Figure 5 ) and EGR-1 expression ( Figure 4B ) share the same upstream kinases MEK/ERK/RSK, since MEK inhibition abrogated equally Elk-1 phosphorylation ( Figure 5 ) and EGR-1 expression (P. N. G. Silva and C. A. Bonjardim, unpublished work).
The upstream molecules that deliver the signals to ERK/RSK2 after VV infection, however, remain to be investigated further. It has been published that Mixoma virus, another poxvirus, recruits both the p21-activated kinase (PAK-1) and Raf-1 to transduce signals that are vital for virus multiplication [26] . Since PAK-1 and Raf-1 might be potential upstream molecules to transmit signals resulting in MEK/ERK activation, this issue requires further investigation.
In accordance with the previously reported involvement of tyrosine kinase with both VV [22] and Mixoma [26] virus entry, our results went one step further and connected the signals generated by this pathway to the downstream activation of ERK1/2 and RSK2 ( Figures 6A and 6B ). It appears, nonetheless, that G-protein-coupled receptors are not involved in the process, at least the PTX-sensitive isoforms ( Figures 6A and 6B) . Moreover, our results also demonstrated that this tyrosine-kinase-sensitive pathway is of biological relevance, since its inhibition caused a significant reduction in virus yields (Table 1) .
Our findings also established a link between the need for the remodelling of cytoskeleton during the early stages of VV infection [22] and VV-stimulated ERK/RSK activation (Figures 7A and 7B) .
Although the reason why RSK2 is no longer activated after treatment with cytochalasin (cf. Figure 2C with Figure 7B ) is an issue that remains to be investigated further, there are some reports in the literature demonstrating that either ERK activation [47] or nuclear translocation [48] is compromised after cytochalasin exposure. Our results also connected the microtubule network with the VV-stimulated ERK activation ( Figure 7E ). Our assumption is based on the following: (i) it is known that the organization of the microtubule may be involved in the early post-entry stages of VV multiplication [49] ; (ii) microtubules are also required for early VV mRNA synthesis and stability [50] ; and (iii) de novo protein synthesis is needed for ERK activation (Figure 3A) .
Interesting also was the finding that the MEK/ERK pathway plays a critical role in the expression of the viral early gene TK ( Figure 8A ). These results are in accordance with our previous results concerning the involvement of these kinases with virus multiplication [16] . TK expression was delayed and prolonged in the presence of the MEK inhibitor, rather than being repressed, consistent with the results reported by others [30] . In line with these results was also the observation that VV-stimulated ERK1/2 activation leads to viral DNA replication ( Figure 8B ), since the same delay verified with TK expression after PD98059 treatment was paralleled by viral genome replication.
Taken together, the results from Figures 8(A) and 8(B) suggest that PD98059 might be causing a delay in virus multiplication. However, on the basis of the results presented in Figure 9 , we demonstrated that both inhibitors PD98059 and GEN do really inhibit instead of delaying virus growth, since virus multiplication Events that occur between 1 hpi until late stages of VV multiplication. Sustained ERK1/2 and RSK2 activation lead to Elk-1 phosphorylation, which in turn binds, possibly in association with SRF, to the cis-acting element SRE found at the 5 -untranslated region of EGR-1 (P. N. G. Silva and C. A. Bonjardim, unpublished work) to promote a sustained egr-1 expression. In connection with this pathway, upstream events are also required, which include tyrosine phosphorylation and actin dynamics. Viral progeny results from an orchestrated programme, which is initiated soon after virus-host interaction and requires, at least partially, sustained MEK/ERK/RSK2 activation.
in the presence of the inhibitor is approx. 1 log lower than that found in the absence of the inhibitor, i.e. when comparing the growth curves as they reached a plateau (24-48 hpi).
Our results strongly suggest that the signalling pathway involving MEK/ERK/RSK2/Elk-1/EGR-1 after VV infection is not only necessary for the transmission and maintenance of proliferation/survival signals, but also has a profound effect on virus multiplication as well (Table 1) , emphasizing the biological consequences of this pathway.
These findings also corroborated our previous results demonstrating the fundamental roles played by the MEK/ERK/TCF/ SRF/AP-1/c-fos pathway (where TCF stands for ternary complex factor, SRF for serum response factor and AP-1 for activation protein 1, usually a dimmer of FOS/JUN) in both the transmission of early mitogenic signals triggered after VV infection and the generation of virus progeny [16] . Since we have previously shown that PKA was recruited to transmit the early mitogenic signals leading to ATF1 phosphorylation, we have also investigated whether ATF1 was required at the early-to-mid stages of VV multiplication. Although preliminary, our results showed that ATF1 is also required in other steps, other than the early stage, during VV multiplication (results not shown), consistent with the involvement of PKA at these stages of virus multiplication [16] .
Altogether our findings suggest that events initiated at early steps during VV infection have a profound impact on the whole VV multiplication cycle. Thus, the remodelling of the cytoskeleton, associated with the simultaneous requirement of a yet undefined tyrosine-kinase pathway and leading to ERK/RSK activation, begins to define what culminates from the end-stage of virus multiplication, i.e. the generation of virus progeny.
On the basis of the results presented in this paper and our previous results [16] , we propose a model for the signalling events that seems to be required not only for the transmission of diverse signals, but also for VV multiplication (Figure 10 ; see the legend for details).
To our knowledge this pattern of sustained kinase activation after VV infection is unique. There are several reports in the literature concerning MAPK/ERK activation after virus infection resulting in either transient [15] or biphasic ERK activation [14] . Sustained ERK activation has also been observed after stable transfection of plasmid bearing virus gene [11, 51] , but not in the context of virus infection. However, none of them have, so far, demonstrated the decisive role played by these kinases during the whole virus infection cycle. Thus by integrating diverse upstream signals at the MEK/ERK/RSK pathway, combined with the different associated biological outcomes, VV manages to achieve the most adequate intracellular environment to generate its progeny.
